Binding between bovine serum albumin (BSA) and a plumeran indole alkaloid (PIA) isolated from the stem bark of Aspidosperma cylindrocarpon (Apocynaceae) was studied by spectroscopic techniques (UV-Vis absorption, circular dichroism, steady state and time-resolved fluorescence), combined with molecular docking. Steady state and time resolved fluorescence data revealed that PIA can quench the BSA fluorescence via a static mechanism: energy transfer from BSA to PIA occurs with high probability. The binding is strong (K b ca. 10 5 -10 6 L mol -1 ), spontaneous (ΔG° ca. -35.7 kJ mol -1 at 310 K) and entropy-driven (ΔS° = 0.146 kJ mol -1 K -1 ). There is just one main binding site (n ca. 1) for the BSA:PIA interaction and the α-helix content of the albumin does not suffer significant perturbation upon PIA binding. Molecular docking results suggest site I as the main binding site to PIA, which is able to interact with the Trp-212, Arg-217, Val-342 and Pro-446 residues.
Introduction
The Apocynaceae family consists of 424 genera, divided into 17 tribes that are subdivided into five subfamilies: Rauwolfioideae, Apocynoideae, Asclepioideae, Periplocoideae and Secamonioideae. About 400 species of Apocynaceae have been identified and grouped into 41 genera in Brazil, 78% of which are found only in the Amazonia region, 1 among them, Aspidosperma cylindrocarpon from the Polyneura series (popularly known in Brazil as "peroba-osso" or "peroba-rosa"). It has a high content of indole alkaloids and has been extensively studied in phytochemistry and pharmacology. 2 Many indole alkaloids with distinct biological activities are described in the literature; among them, anhydrovinblastine, vinblastine and vincristine with antitumour effects, 3 usambarensine, with atopinelike and spasmolytic activities, and dihydrotoxiferine, calebassine, C-curarine and afrocurarine as competitive neuromuscular blocking agents. 4 Besides, reserpine shows lethal activity against the larvae of Artemia franciscana 5 and aspidolimidine and aspidoalbine present antimalarial activity.
6 N 1 -Cinnamoyl-12-demethoxycylindrocarine (methyl (2β,12β,19α)-1-[(2E)-3-phenylprop-2-enoyl] aspidospermidin-21-oate) (PIA, Figure 1 ) is an indole alkaloid with antimalarial activity, obtained from the stem bark of Aspidosperma cylindrocarpon. and biochemical applications. 8 Generally, human serum albumin (HSA) can be replaced by bovine serum albumin (BSA) in laboratory experiments, due to the low cost of the latter, since BSA shares 76% identity in protein sequence when compared to HSA. 9 Crystal structure analysis have revealed that HSA has only one tryptophan residue (Trp-214) in subdomain IIA, 10 whereas BSA has two tryptophan residues (Trp-134 and Trp-212) located in subdomains IB and IIA, respectively. 11 BSA is a single polypeptide chain consisting of about 582 amino acid residues and no carbohydrates. At pH 5-7 it contains 17 intra-chain disulfide bridges and 1 sulfhydryl group. 12 Serum albumin (SA) plays an important function as a carrier for different types of biological molecules, with the effectiveness of a compound in acting as a pharmaceutical agent being dependent on its binding ability to this protein. Thus, the study of plumeran indole alkaloid (PIA) interaction with SA to better understand its biodistribution and biocompatibility in the bloodstream is of considerable importance. Currently, the mechanism of protein binding to PIA is not well characterized.
Experimental

Materials
Bovine serum albumin and PBS buffer (pH = 7.4) were purchased from Sigma-Aldrich Chemical Company (USA). One tablet of PBS yields 0.01 mol L Methods and instruments UV-Vis, fluorescence and circular dichroism (CD) spectra were measured on a Jasco J-815 spectrometer, in a 1 cm quartz cell and employing a thermostatic cuvette holder Jasco PFD-425S15F. Time-resolved fluorescence spectroscopy was performed on a FS920 Edinburgh Instruments spectrofluorimeter. The detection system was equipped with a TMS300 monochromator and a NIR Hamamatsu model H1033-45 photomultiplier. Excitation and emission slits were 10 nm and the measurement temperature was 296 K. All spectra were recorded with appropriate background corrections.
UV-Vis spectra were recorded for a 3.0 mL solution of PIA in ethanol, with a concentration of 1.00 × 10 -5 mol L ) were added. Fluorescence decay was obtained for free BSA solution and for BSA containing different concentrations of PIA at 296 K.
Molecular modeling
The crystallographic structure of bovine serum albumin was obtained from the Protein Data Bank (PDB) with access code 4F5S. 13 This structure has a resolution of 2.47 Å. The PIA structure was built and energy-minimized with the semiempirical method PM6 14 available at the Spartan'14 program (Wavefunction, Inc.). 15 Molecular docking was performed with the GOLD 5.2 program (CCDC). Hydrogen atoms were added to the protein according to the data inferred by the program on the ionization and tautomeric states. 16 From the spectroscopic results (fluorescence quenching studies in the Results and Discussion section), we were able to learn that PIA is probably bound next to one of the internal albumin fluorophores (Trp-134 or Trp-212). In order to identify the main binding site on the protein, we defined a spherical domain of 10 Å radius around each tryptophan residue, namely Trp-134 and Trp-212; then we carried out docking calculations with the ligand (PIA) inside each of those domains, considered as the two possible interaction cavities. The score of each pose identified is calculated as the negative of the sum of a series of energy terms involved in the protein-ligand interaction process, so that the more positive the score, the better is the interaction. The number of genetic operations (crossover, migration, mutation) in each docking run used in the searching procedure was set to 100,000. The program optimizes hydrogen-bond geometries by rotating all hydroxyl and amino groups of the amino acid side chains. The scoring function used was ChemPLP, 17 which is the default function of the GOLD 5.2 program. We used the Student's t-test to determine if the difference between any two data sets was statistically significant. The figures of the docking poses with the highest docking score value were generated with the PyMOL Delano Scientific LLC program.
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Results and Discussion
Fluorescence quenching studies
The interaction of PIA with BSA was monitored by studying the fluorescence quenching of BSA with increasing PIA concentrations. Figure 2 clearly shows that the fluorescence intensity of BSA decreased in the presence of PIA, indicating that the latter is binding next to one of the two tryptophan residues (Trp-134 or Trp-212) of the protein. 19 Furthermore, a small red shift (from 345 to 350 nm) is observed upon increasing PIA concentration, which suggests an increase in the hydrophobicity of the microenvironment around the tryptophan residue to which PIA is associated. 20 Different processes can decrease the intensity of fluorescence. In general, the most common are static and dynamic quenching. The former occurs as a result of the formation of a non-fluorescent complex between a fluorophore in its ground-state and a non-fluorescent molecule. 21 Commonly the quenching of fluorescence can be described through a Stern-Volmer analysis (equation 1), and employing the well known relationship between k q and K SV , as shown in equation 2:
where, F 0 and F are the fluorescence intensities of BSA in the absence and in the presence of PIA, respectively; K SV is the Stern-Volmer quenching constant, k q is the bimolecular quenching rate constant of BSA fluorescence, [Q] is the PIA concentration and τ 0 is the lifetime of BSA in water (6.10 ± 0.20 × 10 -9 s, obtained experimental value in the Table 1) .
From the inset in Figure 2 it is possible to calculate K SV values employing equation 1, from which k q can be obtained. As can be seen in Table 1 ) are higher than the diffusion rate constant (k diff ca. 5.0 × 10 9 L mol -1 s -1 in water, at 298 K), 23 indicating that the most probable mechanism responsible for the fluorescence quenching of BSA by PIA is static, as a consequence of an association in the groundstate between the fluorophore and the quencher. 22, 24 In order to further confirm which type of fluorescence quenching mechanism is involved on the BSA:PIA interaction, timeresolved fluorescence spectroscopy measurements were (Figure 3 and Table 1 ) one can conclude that the fluorescence quenching mechanism is static, which implies a ground-state association between the tryptophan residue in BSA and PIA. 25 When small molecules bind independently to a set of equivalent sites on a macromolecule, the binding constant (K b ) and the number of binding sites (n) can be calculated by using the logarithmic relationship expressed by equation 3: Table 2 were obtained from the plots in Figure 4 and are in the range 10 5 -10 6 L mol -1 , indicating a strong interaction between BSA and PIA. 27, 28 The increase in K b values with increasing temperature can be caused by a slight expansion of the binding site which might accommodate more PIA molecules. 29 As BSA structure has two different tryptophan residues (Trp-134 and Trp-212), located in different pockets in the BSA structure, the number of binding sites (n) was calculated to know if both or just one of these sites is able to interact with PIA. As shown in Table 2 , the n values at different temperatures (n ca. 1.0 at 296, 303 and 310 K) indicate the existence of just one main binding site in the BSA structure for PIA. 30 Basically, four main types of interaction (hydrogen bond, electrostatic, van der Waals and hydrophobic forces) play critical roles in the association between small molecules and macromolecules. In order to characterize the forces between PIA and BSA, thermodynamic parameters were calculated using the van't Hoff equation (5) where, ΔH°, ΔS°, ΔG° are the enthalpy, entropy and Gibbs free energy change, respectively; R is the gas constant (R = 8.314 × 10 -3 kJ mol -1 K -1 ), T is the temperature (296, 303 and 310 K) and K b the binding constant.
Thermodynamic parameters obtained from the inset in Figure 3 are presented in Table 2 . The binding of PIA to BSA is spontaneous, as indicated by the negative ΔG° values, accompanied by a positive entropy change (ΔS°). Therefore, the binding process is entropically driven. This binding involves an endothermic association as manifested by the positive ΔH° value, which is consistent with the increase in K b values with the increase of the temperature. 32 According to Ross and Subramanian's proposal, 33 ΔH° > 0 and ΔS° > 0 suggest hydrophobic interaction as the main binding force for the association BSA:PIA. Energy transfer from BSA to PIA Förster resonance energy transfer (FRET) is a mechanism for energy transfer from a donor molecule (BSA) to an acceptor (PIA) through nonradiative dipoledipole coupling, and is widely used to estimate the spatial distances between the donor and the acceptor. 34 The energy transfer efficiency (E) from BSA to PIA can be given by the equation 6: (6) where F 0 and F are the donor fluorescence intensities in the absence and in the presence of an acceptor, respectively, r is the distance between acceptor and donor; R 0 is the critical distance when the efficiency of energy transfer is 50%, which can be calculated from equation 7: 35 (7) where K 2 is the spatial orientation factor of the dipole (K 2 = 2/3 for random orientation in fluid solution), n is the average refraction index of the medium (usually resulting in a value of 1.336, which is the average for water containing organic matter), 35 Φ is the fluorescence quantum yield of the donor (BSA) in the absence of PIA (Φ = 0.15) 36 and J is the overlap integral between the emission spectrum of the donor and the absorption spectrum of the acceptor. J can be calculated from Figure 5 and equation 8: (8) where F(λ) is the normalized fluorescence intensity of the donor at the wavelength λ. ε(λ) is the extinction coefficient of the acceptor at λ.
The overlap integral value (J) between the emission spectrum of BSA and the absorption spectrum of PIA is 2.98 × 10 -14 cm 3 L mol -1 , giving R 0 ca. 3.50 nm, E ca. 46% and r ca. 4.00 nm. Since the distance between BSA and PIA (r) is between 2 and 8 nm, in full agreement with the rule 0.5R 0 < r 0 < 1.5R 0 , the energy transfer from BSA to PIA must occur with high probability. 37 In addition, the experimental observation that the r 0 value is larger than R 0 , is a clear indication that the main fluorescence quenching mechanism for BSA:PIA is via a static quenching process. ) used. The CD spectrum of BSA at physiological pH exhibits two negative bands in the ultraviolet region, at 208 nm (π→π* transition) and at 222 nm (n→π* transition), which are characteristic of an α-helical protein. 38 As can be seen in Figure 6 , the decrease in the absorption intensity at 208 and 222 nm upon PIA addition, indicates the destabilization of BSA helical structure, suggesting possible changes in the protein secondary structure. 35 In order to obtain quantitative values for the CD results, first we can express the ellipticity for free BSA and BSA:PIA in terms of significant molar residual ellipticity (MRE, in deg cm 2 dmol 
where, θ is the observed ellipticity (mdeg); n is the number of amino acid residues (582 to BSA), 39 l is the length of the optical cuvette (1 cm) and C p is the molar concentration of BSA (1.00 × 10 -6 mol L -1
). From the MRE values at 208 and 222 nm one can apply equations 10 and 11 to obtain the loss of helical structure due to ligand binding: 24, 35 (10) (11) where, MRE 208 ) at 208 and 222 nm, respectively.
In the absence of PIA, the α-helix content of the secondary structure of BSA was about 55.6 and 54.1% at 208 and 222 nm, respectively. On the other hand, when in the presence of PIA, these values changed to 50.2% at 208 nm and 49.5% at 222 nm. The conformational change was about 5.4 and 4.6% at 208 and 222 nm, respectively, at 310 K, indicating only a very small change on the secondary structure of the protein upon PIA binding. Thus, this binding does not cause significant structural changes, implying that the structure of the protein remains as α-helix even after binding to PIA. 40 
Molecular docking
Molecular docking is a method which predicts the preferred orientation of the small molecule into a macromolecule, generally a protein, when they are bound to each other to form a stable complex. 41 As described above, the BSA structure has two tryptophan residues, with the Trp-134 residue being located near the protein surface, in subdomain IB, corresponding to the fatty acid site 1 in HSA, whereas the Trp-212 residue is located in subdomain IIA, corresponding to the fatty acid site 7 in HSA, or just site I, according with Sudlow's classification. 11, 13 In order to suggest the potential ligand binding site in the BSA structure, as well as which BSA amino acids residues are interacting with the ligand, molecular docking studies were carried out. Table 3 shows all the docking conformation scores for Trp-134 and Trp-212-containing binding site (ChemPLP function). Docking score average suggests that PIA interacts more favorably with BSA into the site containing the Trp-212 residue (docking score average 55.2) than in the site containing the Trp-134 residue (docking score average 39.5). Since a t-test is any statistical hypothesis test in which the test statistic follows a Student's t-distribution under the null hypothesis, it can be used to determine if two sets of data are significantly different from each other. In order to give a difference statistically significant for our theoretical results, we calculated a Student's t-test: as the p-value (3.27 × 10 -5 ) is less than 0.05 (95% confidence interval), we reject the null hypothesis, therefore there is a statistically significant difference between the two protein binding sites. Generally, ligands that interact preferentially with the first site are dicarboxylic acids and/or bulky heterocyclic molecules with a negative charge or containing azo and/or sulfur groups (e.g. phenylbutazone, azapropazone, tolbutamide, bucolome and sulfisoxazole), whose structural characteristics are similar to those in the PIA structure. 30, 42 Figure 7A represents the molecular surface of BSA for the PIA pose with the best docking score. This figure shows that the major part of the PIA structure is accommodated inside the protein binding site, which could be related to the high binding constants values obtained in the fluorescence quenching experiments. Figure 7B shows the amino acid residues closest to the ligand in Trp-212-containing binding site. The entropycally driven thermodynamic results indicate hydrophobic interactions as the main binding forces between BSA:PIA. Accordingly, as can be seen in Figure 7B , molecular docking results suggest that the Trp-212 residue interacts via t-stacking with the aromatic ring of ligand's 3-phenylprop-2-enoyl group with a distance of 2.30 Å, and the non-polar residues Val-342 and Pro-446 interact with the other aromatic ring of the PIA structure with a distance of 1.50 Å, for both amino acids residues. Besides these interactions, hydrogen bonds are predicted by the docking procedure to also play a role in the BSA:PIA complex: there is one hydrogen bond between the Arg-217 guanidinium group and the carbonyl oxygen of the PIA ester group, with a distance of 2.00 Å, and another one between the peptidic NH hydrogen of the Val-342 residue and the amide oxygen in the PIA structure.
Conclusions
Energy transfer from BSA to PIA occurs with high probability and fluorescence quenching of BSA by PIA is via a static quenching mechanism. The binding constant indicates that PIA is strongly bound to SA and from the CD measurements, this binding does not perturb significantly the secondary structure of the protein. The thermodynamic results show that the binding is spontaneous, entropically driven and endothermic. Evaluation of the number of binding sites indicate the existence of just one main binding site for the BSA:PIA association and molecular docking results suggest site I, where Trp-212 residue can be found, as the main binding site. The experimental data indicate hydrophobic interactions as the main binding forces for BSA:PIA and molecular docking results suggest that Trp-212 and Pro-446 residues interacts via hydrophobic interaction with aromatic rings of the ligand. There are also hydrogen bonds between PIA and Arg-217 and Val-342 residues. 
